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ABSTRACT: We analyze the surface chemistry of CuInS2 nanocrystals
synthesized in the presence of amines. Using solution NMR spectroscopy and
elemental analysis, we come to the conclusion that as-synthesized CuInS2
nanocrystals have charge neutral inorganic cores and are stabilized by a layer of
tightly bound L-type amines. In situ NMR heating-up experiments show that
desorption of amines can be induced by increasing the temperature, which makes
the partial exchange of amines for thiols possible. On the other hand, we find that
carboxylic acids are unable to bind as L-type ligands to the CuInS2 surface. In
addition, we demonstrate that the use of technical oleylamine in the synthesis of
CuInS2 nanocrystals leads to nonstoichiometric nanocrystals which have, next to
oleylamine ligands, also X-type impurities on the surface that can be exchanged for carboxylic acids.
■ INTRODUCTION
During the past decades, colloidal semiconductor nanocrystals
(NCs) have been widely studied as a new material for
optoelectronic applications.1 Especially in the case of Cd and
Pb chalcogenides, tremendous progress has been made at the
level of nanocrystal synthesis,2−8 where control over size and
shape and the formation of heterostructures have become
common practice along with the development of nanocrystal-
based optoelectronic devices.9−13 As compared to these NCs,
the synthesis, characterization, and application of more
environmentally friendly I−III−VI2 nanocrystals, such as
those of the Cu(In,Ga)(S,Se)2 family (CIGS in short), are
still in an early stage of development.14 CIGS NCs have been
successfully synthesized in apolar environments, either by
means of heating-up or hot-injection procedures that make use
of long chain alkyl amines23,25−29 or thiols15,20,30,31 or a
combination of these. Studies on applications of these NCs can
be classified in two main categories. A first, including for
example bioimaging,15−17 solid-statelighting, and NC solar
cells,21,22 makes use of the properties of the colloidal NCs
themselvesmost notably their size-tunable photolumines-
cence. A second uses dispersions of CIGS NCs as precursor
solutions to form dense CIGS layers by solution-based
deposition and incorporate these in thin film solar cells.23−25
In both cases, the importance of postsynthetic processing of
CIGS NCs can hardly be overestimated. Next to the growth of
inorganic shells around the as-synthesized NCs, this concerns
the tailoring of the CIGS NC surface chemistry, where the long
ligands typically used during synthesis are replaced by more
appropriate ligands in view of a particular application.
Bioimaging for example requires water-soluble nanocrystals,
while for a NC-based solar cell, charge transport between
adjacent NCs in a thin film is enhanced when the NC surface is
passivated by short chain moieties.32,33
The successful tailoring of the NC surface chemistry starts
from an understanding of the binding of ligands to as-
synthesized NCs. Detailed studies on metal chalcogenide or
pnictide nanocrystals synthesized in apolar media using hot
injection or heating up approaches, including CdSe,34,35
CdTe,36 PbS,37 PbSe,38 and InP,39,40 have shown that the
classification of ligands as L-type, X-type, or Z-type depending
on the number of electrons the NC−ligand bond takes from
the NC (zero, one, and two, respectively) to form a two-
electron bond is a convenient approach.41−43 In combination
with the need to form charge-neutral nanocrystals in apolar
environments, this results in two extreme classes. The first
describes NCs where the formal charge on the cations and
anions is balancedfor binary NCs, this corresponds to the
bulk stoichiometryand which are passivated by L-type ligands
(NC-Ln). The second are NCs that have a net formal charge
that is balanced by the opposite charge on X-type ligands.
Typically, this involves NCs having an excess of metal cations,
stabilized by ligands with a formally negative chargedenoted
here as NC-(MXx)nalthough the opposite situation of an
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anion rich nanocrystal with positively charged ligands could
also be possible. Remarkably, all detailed, quantitative studies
addressing stoichiometry and ligand binding published so far
showed as-synthesized and purified NCs behaving according to
the NC-(MXx)n class, where X
− moieties correspond to, e.g.,
carboxylates or phosphonates.34,36,38 L-type ligands such as
amines or phosphines on the other hand typically exhibit a
dynamic adsorption/desorption equilibrium,37,40 suggesting
that the NC-Ln class results in labile NCs that do not withstand
repetitive sample purification. Since L-type ligands take the two
electrons forming the NC−ligand bond upon desorption, while
X-type ligands only provide one, both ligand types are
incompatible for ligand exchange reactions, provided that the
composition of the NC is to be preserved. This understanding
forms the basis to design purposeful ligand exchange strategies,
involving separate X-by-X and L-by-L exchange but also more
involved exchange schemes such as L-type promoted Z-type
displacement.41
In spite of the growing importance of CIGS NCs, few
studies, if any, have addressed the surface chemistry of as-
synthesized NCs and investigated possible ligand exchange
reactions. Ligand exchange is either monitored by a successful
phase transfer from an apolar to a polar phase44 or by relatively
indirect techniques such as infrared spectroscopy and
thermogravimetric analysis.44,45,22 More systematic studies are,
to the best of our knowledge, missing, although the
understanding of the binding of ligands to as-synthesized
CIGS NCs is the basis for designing ligand exchange reactions
and advance application development. For the formation of
dense CIGS layers, for example, it has been acknowledged that
partial removal of oleylamine from CIGS NCs enhances
recrystallization in the NC film.24 Solution 1H nuclear magnetic
resonance (NMR) spectroscopy stands out as a preferred tool
in the surface chemistry analysis of colloidal NCs, offering an
extensive toolbox to in situ identify and quantify bound ligands.
This is based on general characteristics of bound ligand
resonances, which shift and broaden relative to the free ligands
in the 1D 1H spectrum, exhibit the slow diffusion characteristic
of larger nano-objects and feature strongly negative nuclear
Overhauser effect crosspeaks.43
In this paper, we analyze the surface chemistry and explore
ligand exchange reactions of CuInS2 NCs (CIS in short)
synthesized in the presence of amines. When using high purity
octadecylamine (ODAm), we find that the formal charge of the
metal cations matches that of the sulfide anions. By means of
solution 1H NMR, we demonstrate that such CIS/ODAm NCs
have a capping of tightly bound amines. On the basis of the
results of heating experiments monitored in situ in the NMR
spectrometerwhich gives evidence of self-desorption of
ODAmwe argue that amines bind to CIS NCs as L-type
ligands, making CIS/ODAm NCs a rare example of the NC-Ln
class. This point is further supported by similar measurements
on wurtzite CdSe NCs capped with octadecylphosphonic acid,
a known example of the NC-(MXx)n class,
47 where no signature
of self-desorption is observed as expected for X-type ligands
and by the finding that excess ODAm directly binds to CIS
NCs. In line with the classification as NC-Ln, we find that long
time, high temperature exposure of CIS/ODAm to fatty acids
only results in desorption of ODAm and not in binding of
carboxylic acids. Thiols on the other hand can effectively
replace ODAm and bind to CIS NCs as L-type ligands.
Remarkably, when replacing high purity ODAm in the synthesis
by technical oleylamine (OLAm), we obtain cation-rich NCs
that can bind both L-type (amines, thiols) and X-type ligands
(carboxylates, thiolates) to their surface. In this way, these
results not only give insight in the surface chemistry of CuInS2
NCswhere a generic method to identify L-type ligands is
introducedthey also show once more how often ill-controlled
differences in the reagent composition can strongly influence
the NC surface chemistry and subsequent ligand exchange
reactions.
■ EXPERIMENTAL METHODS
Nanocrystal Synthesis. CIS NCs capped with 1-octadecylamine
(ODAm) or oleylamine (OLAm) were prepared in a heating-up
fashion. A total of 0.262 g of Cu(acac)2 (1 mmol, ≥99.99% Aldrich),
0.412 g of In(acac)3 (1 mmol, ≥99.99% Aldrich), and 0.065 g of
elemental S (2.05 mmol, 99.999% Strem) are combined in a three-
neck flask. For ODAm-capped CIS NCs, 1.632 g of ODAm (6.06
mmol, for synthesis, Merck) and 14 mL of 1-octadecene (ODE) are
added, while 2 mL of OLAm (6.06 mmol, 80−90% Acros) and 14 mL
of ODE are added to obtain OLAm-capped NCs. Next, the flask is
attached to a Schlenk line and flushed with nitrogen over the course of
1 h. The mixture is then heated to 240 °C at 80 °C/min using an
infrared heating device while stirring vigorously. During this period,
the precursors dissolve and form CIS NCs indicated by a change in
color from a brown heterogeneous to a clear black mixture. After 1 h,
the flask is cooled to room temperature using a water bath. Toluene
and ethanol are added to wash the CIS NCs, which are then separated
using a centrifuge. The resulting NC pellet obtained after discarding
the supernatant is redissolved in toluene and kept inside a water and
oxygen-free glovebox as a stock solution. Wurtzite CdSe NCs capped
by ODPAc− and ODPanh2− moieties are obtained according to the
procedure of Carbone et al.46 and were purified for NMR according to
Gomes et al.47
RBS Measurements. Samples for Rutherford backscattering
spectrometry (RBS) were prepared using CIS NCs dispersions
washed twice after the synthesis. A thin film of ≈100 nm was
deposited on a MgO substrate by spin-coating a CIS NC dispersion in
toluene. RBS was performed by measuring backscattered He+ ions
accelerated to an energy of 1.57 MeV with an NEC 5SDH-2 Pelletron
tandem accelerator with a semiconductor detector at a backscattering
angle of 168°. Atomic ratios are determined from the experimental
spectrum as the 1/Z2 weighted ratio of the energy integrated
backscattering intensitiesobtained by numerical integration of the
raw datawhere the main error results from uncertainties on the
background correction. This error is estimated by comparing the
integrals without any background correction and with an optimized
background correction. The latter involves subtracting the average
signal intensity at lower and higher energy of a given peak from the
measured backscattering intensity.
Ligand Exchange. For a typical ligand exchange experiment to
oleic acid (OAc) or 2-phenylethanethiol (PET), 2 mL of CIS NC
stock solution in toluene (∼40 mg/mL) was first precipitated/
redispersed twice using ethanol and chloroform. Next, the NCs are
dissolved in o-dichlorobenzene, and 1.5 mL of PET (11.2 mmol, 98%
Aldrich) or 3.5 mL of OAc (11.25 mmol, 90% Alfa Aesar) are added
and the resulting solutions are stirred for 2 h inside a glovebox at 130
°C. This procedure is repeated two more times in between which the
NCs are each time precipitated using ethanol and separated using
centrifugation.
1H NMR Measurements. NMR samples with a minimal amount
of impurities are prepared by washing the CIS NC dispersion at least
twice after synthesis or exposure to an excess of new ligands. To avoid
water contamination, the resulting pellet is dissolved in the appropriate
solvent and transferred to a glovebox, where a strong nitrogen flow is
used to dry the sample. The resulting dry NCs are dissolved in
deuterated solvent and transferred to an NMR tube. Nuclear magnetic
resonance (NMR) measurements were recorded on a Bruker Avance
III Spectrometer operating at a 1H frequency of 500.13 MHz and
equipped with a BBI-Z probe or on a Bruker Avance II Spectrometer
operating at a 1H frequency of 500.13 MHz and equipped with a TXI-
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Z probe (channels are 1H, 13C, 31P). The sample temperature was set
to 298.2 K except when stated differently. For the high-temperature
measurements, the temperature of the probe was calibrated following
the method of Findeisen et al.48 During temperature measurements,
the sample was always given sufficient time to stabilize, and parameters
were optimized before measuring quantitative 1D 1H measurements.
One dimensional (1D) 1H and 2D NOESY (nuclear Overhauser effect
spectroscopy) spectra were acquired using standard pulse sequences
from the Bruker library. For the quantitative 1D 1H measurements,
64k data points were sampled with the spectral width set to 16 ppm
and a relaxation delay of 30 s. NOESY mixing time was set to 300 ms
and 2048 data points in the direct dimension for 512 data points in the
indirect dimension were typically sampled, with the spectral width set
to 11.5 ppm. Diffusion measurements (2D DOSY) were performed
using a double stimulated echo sequence for convection compensation
and with monopolar gradient pulses.49 Smoothed rectangle gradient
pulse shapes were used throughout. The gradient strength was varied
linearly from 2 to 95% of the probe’s maximum value (calibrated at
50.2 G/cm) in 32 or 64 steps, with the gradient pulse duration and
diffusion delay optimized to ensure a final attenuation of the signal in
the final increment of less than 10% relative to the first increment. For
2D processing, the spectra were zero filled to a 4096 × 2048 real data
matrix. Before Fourier transformation, the 2D spectra were multiplied
with a squared cosine bell function in both dimensions, and the 1D
spectra were multiplied with an exponential window function.
Concentrations were obtained using the Digital ERETIC tool in
Topspin 3.0 that is based on the PULCON method.50 The diffusion
coefficients were obtained by fitting the appropriate Stejskal−Tanner
equation to the signal intensity decay.51
■ RESULTS AND DISCUSSION
Characterization of As-Synthesized CuInS2 Nanocryst-
als. Figure 1 represents the basic characteristics of CuInS2
(CIS) NCs synthesized from copper and indium acetylaceto-
nate and elemental sulfur in a mixture of 1-octadecene (ODE)
and 1-octadecylamine (ODAm) (see Experimental Methods
section for details), nanocrystals we will refer to as CIS/
ODAm. As indicated in Figure 1A, the approach leads to
anisotropic, tile-shaped CIS NCs having a hexagonal top
surface with edges of 7.6 ± 1.3 nm and a height of 6.9 ± 0.7
nm. In line with their dimensions, these CIS NCs show an
absorption onset at ≈850 nm, which is in agreement with the
CIS bulk band gap of 1.45 eV. Weighting by Z−2, the integrated
intensities of He+ backscattering on S, Cu, and In nuclei in the
Rutherford Backscattering Spectrum shown in Figure 1C yield
a Cu:In ratio of 0.96 ± 0.01 and a S:In ratio of 1.97 ± 0.03.
This results in a ratio between the formal charge on the metal
cations (Cu+ and In3+) and the sulfide anions (S2−) of 1.00 ±
0.02. Hence, the CIS NCs used here are slightly In-rich, yet
charge neutral. Finally, X-ray diffraction (XRD) measurements
on a thin film of CIS NCs confirms that the NCs have the
chalcopyrite crystal structure (Figure 1D).
The 1D solution 1H NMR spectra of ODAm and a well-
purified CIS/ODAm NC dispersion in deuterated 1,2-
dichlorobenzene are shown in Figure 2A. Apart from residual
solvent resonances, the CIS/ODAm spectrum features two
broadened resonances at 0.95 and 1.35 ppm. Given the
correspondence with the 1H spectrum of ODAm and the
corresponding 13C resonances (see Supporting Information,
Figure S1), we attribute these resonances to the CH3 and CH2
protons of ODAm bound to the CIS NCs, respectively. Note
that these two resonances are not accompanied by the
narrower, shifted resonances that would be characteristic for
free ligands.40 The assignment of the resonances to bound
Figure 1. Characterization of as-synthesized CIS/ODAm NCs. (A)
TEM micrograph and cartoon representation of the CIS NC
morphology. (B) UV−vis absorption spectrum of a CIS/ODAm
dispersion in chloroform. (C) (red) Rutherford Backscattering
Spectrum (RBS) and (green) integrated backscattering intensities of
a CIS NC thin film spin-coated on a MgO substrate. (D) (red) XRD
pattern of a CIS NC thin film and (blue) database pattern for
chalcopyrite CuInS2.
Figure 2. 1D 1H NMR spectrum of (red) ODAm and (blue) a purified
CIS/ODAm dispersion in 1,2-dichlorobenzene-d4. Inset: zoom on the
alkyl region. Resonances 1 and 2 are attributed to the CH3 and CH2
signals of ODAm, respectively. ‡ denotes the solvent resonances. (B)
NOESY NMR spectrum of CIS/ODAm NCs capped with ODAm in
toluene-d8. Here, only negative NOEs are shown. (C) DOSY NMR
spectrum of the same solution.
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ODAm is confirmed by the combination of DOSY and NOESY
measurements (see Figure 2B−C), which indicate that (1) the
broadened resonances have strong and negative NOE cross
peaks and (2) they are linked to species with a diffusion
coefficient as low as 53.2 ± 1.7 μm2/s. Using the Stokes−
Einstein equation for a disk moving at random, this
corresponds to a top surface hydrodynamic diameter of 21.5
± 1.2 nm. This value closely matches twice the CIS top surface
edge (7.6 ± 1.3 nm) increased by the thickness of the ODAm
capping (≈2 nm). We thus conclude that the broadened
resonances in the 1D solution 1H NMR spectrum of CIS NCs
correspond to tightly bound ODAm ligands, not involved in
chemical exchange with a pool of free ODAm.
By means of the quantitative 1D 1H NMR spectrum shown
in Figure 2A, the concentration of bound ODAm can be
determined by integration of the CH3 resonance. The
concentration of CIS NCs is derived from the theoretical
intrinsic absorption coefficient of freely rotating, prolate CIS
NCs at 400 nm in chloroform.52 For the calculation, which
yields a value of 1.32 × 105 cm−1, we used the bulk optical
constants of CIS53 and considered the actual dimensions of the
NCs as given by TEM. Combined with the concentration of
bound ODAm this leads to a ligand density of 3.8 ± 0.5 nm−2, a
value which is in line with typical ligand densities derived for
sterically stabilized colloidal NCs synthesized using hot
injection or heating up approaches.43
The CuInS2/Amine Bond. Typically, L-type ligands such as
amines or phosphine oxides are involved in a fast, dynamic
adsorption/desorption equilibrium that can be shifted, for
example, by diluting the dispersion.37,54,55 In the case of CdSe
and CdTe NCs, it was found that exchange rates can exceed
100 s−1. On the other hand, X-type ligands such as carboxylates
or phosphonates appear as tightly bound ligands in 1H NMR
spectra, not showing any indication of chemical exchange
unless, e.g., a proton donor is added.34,56 The observation of
amine ligands tightly bound to CIS NCs thus raises the
question as to what the binding motif of amines is in this case.
A possible way to establish the binding motif is by
investigating self-desorption or self-adsorption, i.e., the breaking
or forming of the ligand−NC bond, of ligands. Self-desorption
of X-type ligands that bind as anionic (or cationic) moieties
would result in a free anion (or cation) and a charged NC, a
process that is highly unfavorable in apolar solvents due to the
high solvation free energy of charged species in media with a
low dielectric constant. Self-adsorption on the other hand
requires a proton transfer step in the case of, e.g., carboxylate or
phosphonate ligands. In the case of L-type ligands, self-
desorption is not hindered by charging, which enables, for
example, the fast, dynamic adsorption/desorption behavior as
discussed above. Since ODAm shows no indication of exchange
at CIS NCs at room temperature, we therefore studied ligand
desorption by changing the temperature of the NMR sample in
situ for both CIS/ODAm dispersions and dispersions of
wurtzite CdSe NCs stabilized by octadecylphosphonic acid
(CdSe/ODPAc), a well-known NC-(MX2)n system
47 that we
used as a reference.
In Figure 3, we compare a series of zoomed in 1D 1H NMR
spectra recorded on CIS/ODAm (Figure 3A) and CdSe/
ODPAc (Figure 3B) dispersions in 1,2-dichlorobenzene-d4,
where both samples where heated from room temperature up
to 130 °C in steps of 20 °C at temperatures above 50 °C.
Figure 3A shows that the broad CH2 and CH3 resonances of
ODAm bound to CIS NCs somewhat shift and change intensity
with increasing temperature. Moreover, sharper resonances
with a downfield shift start to accompany both resonances at
temperatures of 90 °C or higher. In the case of CdSe/ODPAc,
on the other hand, the broad resonances of the CH2 and CH3
resonances merely exhibit a change in intensity, without the
appearance of an additional, sharper resonance. A shifted and
sharper resonance that accompanies each broad resonance of
bound ligands points to the presence of a pool of free ligands
that is at best in slow exchange with the bound ligands on the
relevant NMR time scale. We thus conclude that ODAm, while
tightly bound to the CIS surface at room temperature, shows a
self-desorption at elevated temperatures that is absent in the
case of CdSe/ODPAc. Whereas the latter is the expected
behavior for X-type ligands, the appearance of free ODAm in
heated CIS/ODAm dispersions is a first indication that amines
interact with CIS NCs as L-type ligands as depicted in the
scheme given in Figure 3C.
A possible issue with this conclusion comes from the
observation that in the case of CdSe NCs stabilized by
carboxylatesagain a well-established NC-(MX2)n system
release of entire cadmium carboxylate units has been
reported.41 Similarly, ODAm could effectively desorb as
octadecylammonium sulfide, which would make CIS/ODAm
an example of anion rich nanocrystals with positively charged
X-type ligands. For the given ligand density of 3.8 ± 0.5 nm−2
this would require a nonstoichiometry of 0.955 ± 0.006. This
figure falls outside the error range of the RBS analysis, thus
confirming the conclusion on L-type binding. Nevertheless,
since the error of 0.02 on the RBS analysis is only half the
difference between the stoichiometric (=1.00) and the expected
nonstoichiometric (0.95−0.96) charge ratio, we have further
investigated the idea of tight binding of ODAm to CIS NCs by
adding excess ODAm to a sample of CIS NCs with a reduced
Figure 3. In situ heating-up NMR experiments in 1,2-dichloroben-
zene-d4 showing the effect of increased temperature on the alkyl region
of CIS NCs capped with ODAm (A) and the alkyl region of CdSe
NCs stabilized by ODPAc (B). Arrows in blue emphasize the
appearance of sharper resonances. (C−D) Schematic representation of
the CIS NC and CdSe NC surface. Reference (ref) spectra of both
ODAm and ODPAc at 25 °C in 1,2-dichlorobenzene-d4 are added on
the bottom for comparison.
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ligand coverage as obtained by purifying a sample heated at 130
°C.
The sample yields the background spectrum represented in
Figure 4A, from which we calculate a ligand density of 2.4 ± 0.3
nm−2, a number that is about 75% of the originally measured
density of 3.1 ± 0.4 nm−2. Next, we added excess ODAm to
this sample in steps of 7.5% of the amount of ODAm present in
the starting sample (i.e., the one with the reduced ligand
coverage). The inset in Figure 4A confirms that the total signal
intensity in the aliphatic range increases linearly with the
number of additions. Moreover, by looking at the spectrum
measured after the second addition shown in Figure 4A, it
follows that the excess ODAm increases the signal intensity of
the bound ODAm resonances without inducing an additional
resonance (an overview of all spectra is given in the Supporting
Information, Figure S2). On the other hand, when the total
amount of ODAm in the sample approaches the original ligand
density of the NCs, a second resonance with a downfield shift
gradually appears. This can be most clearly seen in Figure 4B,
which shows a zoom on the CH3 resonance of the initial sample
and the sample after two and five additions, where the arrow
indicates the additional resonance. A DOSY spectrum recorded
after the fifth addition confirms that in this case ODAm species
with a diffusion coefficient of both the CIS NCs and free
ODAm are indeed present. Clearly, the observation that the
original ligand density of CIS/ODAm NCs can be largely
restored by addition of excess ODAm confirms that ODAm can
self-adsorb at CIS NCs, a result that corroborates the
classification of CIS/ODAm as a NC-Ln system.
An observation interesting to mention is that, even at
elevated temperatures, no dynamic equilibrium exists between
free and bound ODAm. While maintaining a CIS/ODAm
dispersion for longer time at 130 °C, a continued release of
ODAm is observed whereas readsorption remains incomplete
when returning to room temperature (see Supporting
Information, Figure S3). This suggests that the room-
temperature stability of CIS/ODAm may be due to the
activation energy for amine desorption being high rather than
the amine-CIS bond being unusually strong.
Ligand Exchange Reactions with CuInS2 Nanocrystals.
The finding that CIS/ODAm nanocrystals are a NC-Ln system
where the amine ligands only desorb at elevated temperature
should have consequences on ligand exchange reactions and on
the way they have to be executed, i.e., exchange is only expected
for other L-type ligands and may require long time, high
temperature exposure to the new ligand. To test this
hypothesis, we studied the possible replacement of ODAm by
carboxylic acids and thiols, where in particular oleic acid (OAc)
and 2-phenylethanethiol (PET) were chosen since they yield
resonances in the NMR spectrum well separated from those of
ODAm. Both carboxylic acids and thiols are regularly used
ligands in the synthesis of colloidal nanocrystals in general and
CuInS2 in particular and are generally reported to bind as X-
type (carboxylate)34 or as either X-type (thiolate)35 or L-type
(thiol).35 To study possible ligand exchange reactions, well-
purified dispersions of CIS NCs capped by ODAm were heated
in a water- and oxygen-free atmosphere to 130 °C in the
presence of a large excess of OAc or PET.
Figure 5A shows the 1D 1H NMR spectrum of CIS NCs thus
exposed to OAc in several exchange steps with NC workup in
between. Whereas a combination of broad and sharp
resonances is present in the aliphatic region of the spectrum,
the absence of the alkene protons of OAcexpected at around
5.5 ppmindicates that the ligand shell hardly contains OAc
moieties, if any. In contrast, two considerably broadened
resonances appear in the ranges 2−4 and 6−8 ppm,
respectively, in the 1D 1H NMR spectrum of CIS NCs
exposed to PET. Since these positions agree with the respective
Figure 4. (A) Addition of ODAm to CIS/ODAm NCs in toluene-d8. The background shows the original spectrum with a reduced ODAm coverage,
while the spectrum in blue is obtained after two additions of ODAm. Inset: plot of the signal intensity in the aliphatic region as a function of the
addition of ODAm. (B) Zoom on the CH3 region showing the spectrum of CIS/ODAm NCs after zero (background), two (blue), and five (dark
blue) additions of ODAm. (C) DOSY spectrum of CIS/ODAm NCs in toluene-d8 after the fifth addition of ODAm.
Figure 5. (A) 1H NMR spectrum of OAc (red) and CIS NCs after
performing ligand exchange procedure to OAc (blue). (B) 1H NMR
spectrum of PET (red) and CIS NCs after ligand exchange to PET
(brown). Solvent signals are denoted by ‡, water by †, and i-propanol
by (¥).
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chemical shift of the aliphatic and aromatic protons of PET, we
consider these broadened resonances as a signature of bound
PET (Figure 5B). Next to these broad resonances, shifted and
sharper resonances are present with a chemical shift coinciding
with free PET. In addition, also the broad resonances of bound
ODAm at 0.9 and 1.25 ppm persist, yet the corresponding
ligand density has been reduced to a mere 0.3 ± 0.2 nm−2.
Importantly, for a blank experiment, which involves the same
heat treatment without PET exposure, the ODAm ligand
density also reduces, yet is maintained at 2.2 ± 0.3 nm−2. As
shown in the Supporting Information (Figure S4), addition of
excess ODAm to a CIS/PET dispersion leads to an increase of
both the resonances of free PET and residual bound ODAm,
indicating that the thiol for amine exchange is reversible.
To investigate the binding motif of thiols to CIS NCs, we
again recorded the 1D 1H NMR spectrum of a CIS NC
dispersionafter exposure to PETwhile raising the temper-
ature of the sample in situ. Focusing on the aromatic
resonances of free PET (Figure 6), we find that they gain
intensity with increasing temperature, opposite from the
general trend that signal intensities are reduced when
temperature is raised. This points toward a shift of the
adsorption/desorption equilibrium in the direction of desorp-
tion, which again makes clear that, in this case, thiols bind as L-
type ligands to CIS NCs. Moreover, both the pronounced loss
of ODAm upon exposure of CIS/ODAm to PET and the
release of PET upon re-exposure to ODAm indicates that an L-
by-L exchange takes place where PET and ODAm compete for
the same adsorption sites. This is supported by the blank
experiment, where the fraction of ODAm leaving the surface is
considerably smaller than in the case PET is added. On the
other hand, the lack of bound OAc moieties after the repetitive
exposure of CIS/ODAm NCs to an excess of OAc suggests
that, in line with the overall stoichiometry of the nanocrystals,
no X-type adsorption sites are available at the surface of CIS/
ODAm NCs and that no L-by-X exchange is possible.
CuInS2 Nanocrystals Synthesized with Technical
Oleylamine. In literature, CuInS2 syntheses similar to the
one used here often make use of technical oleylamine (OLAm)
rather than high purity octadecylamine.19,23,25−27,29 As shown
in the Supporting Information (Figure S5), replacing ODAm
by OLAm results in CIS NCs that are, at first sight, similar to
the ones shown in Figure 1. The most notable differences are
the Cu:In and S:In ratios. Based on RBS measurement, these
are estimated at 1.00 ± 0.04 and 1.54 ± 0.12, i.e., CIS/OLAm
NCs are cation rich with a net ratio of the formal cation to
anion charge of 1.30 ± 0.10. The 1D 1H NMR spectrum of a
well-purified dispersion of CIS/OLAm NCs features the
broadened resonances that characterize tightly bound OLAm
(Figure 7A), a conclusion corroborated by a more detailed
study using DOSY and NOESY (see Supporting Information
Figure S6). Moreover, using in situ heating experiments, we
observe a desorption of OLAm at elevated temperatures similar
to what was observed with CIS/ODAm, which again indicates
that OLAm binds as an L-type ligand to CIS NCs (see
Supporting Information, Figure S7). On the basis of the
integration of the alkene peak at 5.6 ppm and the
determination of the CIS NC concentration, we obtain a
density of OLAm ligands of 3.26 ± 0.4 nm−2.
The 1D 1H NMR spectrum recorded after exposing CIS/
OLAm dispersions to an excess of a carboxylic acid at elevated
temperature is shown in Figure 7B. For this experiment, 1-
undecenoic acid (UDAc) was chosen since the UDAc alkene
protons yield resonances well separated from those of OLAm
(see Figure 7B, top spectrum). Opposite from CIS/ODAm,
exposure of CIS/OLAm to UDAc leads to additional
resonances in the 1D 1H spectrum (Figure 7B), next to those
of residual OLAm. On the basis of the correspondence with the
UDAc spectrum and a DOSY study (see Supporting
Information Figure S8), these can be attributed to a pool of
free and bound UDAc, respectively. In contrast with other
ligand exchange experiments, an excess of UDAc was added to
the purified CIS/OLAm dispersion just once, since subsequent
steps gave rise to insufficient colloidal stability. To obtain the
density of both OLAm and UDAc, we used respectively the
integration of the CH3 peak and the CH peak in the spectrum.
Figure 6. In situ heating-up NMR experiment on a CIS NCs
dispersion stabilized by a combination of PET and ODAm in 1,1,2,2-
tetrachloroethane-d2. The selected ppm range shows the aromatic
protons of free PET superimposed on bound PET. A reference (ref)
spectrum of PET in 1,1,2,2-tetrachloroethane-d2 at 25 °C is added for
comparison.
Figure 7. (A) 1H NMR spectrum of CIS NCs capped by OLAm in
toluene-d8. The inset zooms in on the alkene signal. (B)
1H NMR
spectrum of UDAc (red) and CIS NCs after performing ligand
exchange to UDAc (blue) in toluene-d8. Inset: zoom on a region
where an UDAc resonance is present, showing both bound and
residual free UDAc. Solvent signals are denoted by ‡, water by †, and i-
propanol by ¥.
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This leads to a ligand shell composed of 0.40 ± 0.1 nm−2 UDAc
and 1.1 ± 0.2 nm−2 OLAm. The CIS/OLAm stoichiometry
already suggests that as-synthesized CIS/OLAm NCs have in
part anionic, X-type moieties on their surface. Since they have
no discernible resonances in the 1D 1H spectrum, these are
most likely small moieties such as OH− or acetylacetonate,
whose resonances will be excessively broadened due to the
close proximity of the NC surface. Upon exposure to UDAc at
high temperature, proton transfer can lead to the release of
these species as H2O or acetylacetone, two compounds easily
lost by evaporation. The decrease in density of OLAm ligands
can be explained by desorption at elevated temperature,
followed by an incomplete readsorption and loss by
purification.
To investigate the differences and similarities between CIS/
ODAm and CIS/OLAm NCs in more detail, we exposed CIS/
OLAm NCs in consecutive steps to dodecanethiol (DDT) and
nonanoic acid (NAc) at elevated temperature and determined
the ligand density after each step. In this case, the alkene
resonance of OLAm and the overlapping methyl resonance of
OLAm, DDT, and NAc were used to determine the amount of
bound OLAm and the total amount of bound ligands,
respectively. In Figure 8A, we plot the thus determined
normalized ligand density, i.e., the actual ligand density relative
to the initial one, after each exchange step, where 1 corresponds
to as-synthesized OLAm, 2 to CIS NCs after exposure to DDT,
and 3 to CIS NCs after exposure to NAc. In line with the
results of CIS/OLAm after exposure to PET, one sees that,
after exposure to DDT, most of the OLAm is lost. On the other
hand, the total ligand density rises by more than 60%.
Subsequent exposure to NAc further reduces the amount of
OLAm but also brings down the total ligand density to about
60% of the original density. These observations can be
interpreted starting again from the assumption that as-
synthesized CIS/OLAm NCs accommodate next to L-type
OLAm ligands also X-type moieties on their surface. The
considerable increase of ligand density after exposure to DDT
indicates that, in this case, DDT not only replaces OLAm as an
L-type ligandsimilar to CIS/ODAmbut also binds to the
X-type sites as dodecanethiolate (DDT−). During the exposure
to NAc, the L-type DDT ligands are lost by desorption and the
X-type DDT− is replaced by NAc−. In line with this reasoning,
the ligand loss after NAc exposure indeed corresponds to the
original density of L-type ligands.
■ CONCLUSION
We analyzed the surface chemistry of CIS NCs synthesized
using amines and explored possible ligand exchange strategies.
By employing the solution NMR toolbox for nanocrystal
surface chemistry analysis, which includes 1D 1H NMR,
NOESY, and DOSY in combination with in situ heating up
experiments, we concluded that the surface of as-synthesized
CIS NCs consists of L-type, tightly bound amines. This is in
contrast with the dynamic stabilization of amines typically
found in other NC systems. Importantly, by giving a first
example of stoichiometric nanocrystals stabilized by L-type
ligands, these results complete the picture that has emerged on
the surface chemistry of semiconductor nanocrystals in apolar
environments. Moreover, a relatively straightforward approach
to distinguish L-type from X-type binding by combining in situ
heating up with solution NMR spectroscopy is introduced. The
strong binding of L-type ligands has the consequence that
exchanging the original amine ligands for others ligands
requires relatively high temperatures and successive exchange
steps, along with the ability of the new ligand to bind as L-type.
We have demonstrated this by performing ligand exchange
reactions toward acids and thiols, where only thiols could be
found on the NC surface after several ligand exchange steps.
Additionally, we highlight that the use of technical grade
OLAm, which is widely used in CIS NC synthesis, leads to
nonstoichiometric NCs capped by a combination of L-type
OLAm and X-type impurities. This finding stresses the
importance of a careful analysis of the surface chemistry of
as-synthesized NCs in general, in order to rationalize ligand
exchange strategies.
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